The objective of this study was to determine the protective effects of the mitochondria-targeted molecules MitoQ and SS31 in striatal neurons that stably express mutant huntingtin (Htt) (STHDhQ111/Q111) in Huntington's disease (HD). We studied mitochondrial and synaptic activities by measuring mRNA and the protein levels of mitochondrial and synaptic genes, mitochondrial function, and ultra-structural changes in MitoQ-and SS31-treated mutant Htt neurons relative to untreated mutant Htt neurons. We used gene expression analysis, biochemical methods, transmission electron microscopy (TEM) and confocal microscopy methods. In the MitoQ-and SS31-treated mutant Htt neurons, fission genes Drp1 and Fis1 were downregulated, and fusion genes Mfn1, Mfn2 and Opa1 were up-regulated relative to untreated neurons, suggesting that mitochondria-targeted molecules reduce fission activity. Interestingly, the mitochondrial biogenesis genes PGC1α, PGC1β, Nrf1, Nrf2 and TFAM were up-regulated in MitoQ-and SS31-treated mutant Htt neurons. The synaptic genes synaptophysin and PSD95 were up-regulated, and mitochondrial function was normal in the MitoQ-and SS31-treated mutant Htt neurons. Immunoblotting findings of mitochondrial and synaptic proteins agreed with the mRNA findings. TEM studies revealed decreased numbers of structurally intact mitochondria in MitoQ-and SS31-treated mutant Htt neurons. These findings suggest that mitochondria-targeted molecules MitoQ and SS31 are protective against mutant Htt-induced mitochondrial and synaptic damage in HD neurons, and these mitochondria-targeted molecules are potential therapeutic molecules for the treatment of HD neurons.
Introduction
Huntington's disease (HD), a genetic disease with an autosomal dominant inheritance, strikes humans in midlife. HD is characterized by motor dysfunction, involuntary movements, dystonia, cognitive decline, intellectual impairment and emotional disturbances (1, 2) . HD is a rare disease, afflicting 4-10 per 100 000 persons of mainly Caucasian origin. Histopathological examination of HD postmortem brains has revealed that several regions of the brain are affected, including the caudate and putamen exon 1 of the HD gene. In HD patients, the number of polyglutamine repeats ranges from 36 to 120, whereas in healthy individuals, CAG repeats ranges from 6 to 35 (6, 7) . Onset of HD has been found to be inversely correlated with the number of CAG repeats in the HD gene. Huntingtin (Htt), a product of the HD gene, is a 350 kDa protein, ubiquitously expressed in the brain and peripheral tissues (6, 8, 9) . Both wild-type (WT) and mutant Htt are primarily localized in the cytoplasm of neurons. However, a small portion of mutant Htt has been found to localize abnormally in subcellular organelles, including the nucleus, plasma membrane, mitochondria, lysosomes and endoplasmic reticulum. These abnormal localizations have been found to impair the function of subcellular organelles (7) .
Over two decades of intense research using knockout, knockin, and transgenic animal models, cell models, and postmortem of HD have revealed multiple cellular changes that are implicated in HD progression and pathogenesis, including (i) transcriptional dysregulation, (ii) caspase activation, (iii) expanded polyQ repeat protein interactions with other CNS proteins, (iv) NMDAR activation, calcium dyshomeostasis, (v) defective axonal trafficking, and abnormal mitochondrial dynamics (e.g. increased fission and decreased fusion) (7) . Among these cellular changes, abnormal mitochondrial dynamics is largely involved in HD pathogenesis.
Several recent studies using postmortem brains of HD patients (10, 11) ; fibroblasts, lymphoblasts and myoblasts from HD patients (12, 13) ; and cell models of HD (13) (14) (15) (16) revealed structural and functional abnormalities in mitochondria in cells that express mutant Htt, suggesting that defective mitochondria may be responsible for cell damage in HD.
Using postmortem brains from HD patients and control subjects, Shirendeb et al. measured mRNA and protein levels of mitochondrial dynamics genes and electron transport chain (ETC) genes, and they also assessed mitochondrial function (10) . They found increased expression of fission genes (Drp1 and Fis1) and decreased expression of fusion genes (Mfn1, Mfn2 and Opa1) in HD patients relative to the controls. The matrix protein CypD was up-regulated in HD patients. These findings suggest the presence of abnormal mitochondrial dynamics in HD. Further, significantly increased immunoreactivity of 8-hydroxy-guanosine and significantly decreased cytochrome oxidase 1 and cytochrome b were found in HD patients relative to controls, suggesting also that mitochondrial function was defective in HD brains (11) . Using brain tissues from BACHD mice and postmortem brain tissues from HD patients, Shirendeb et al. studied the molecular link between the mitochondrial protein Drp1 and mutant Htt (15) . Using primary neurons from the BACHD mice, they also studied the relationship between axonal transport of mitochondria and synaptic degeneration. They found that mutant Htt interacts with Drp1, elevates the enzymatic activity of Drp1 and increases abnormal mitochondrial dynamics, resulting in defective anterograde mitochondrial movement and synaptic deficiencies. These observations suggest that increased mitochondrial fragmentation and defective axonal transport of mitochondria lead to neuronal damage in HD neurons.
In order to understand the mutant Htt effects on mitochondrial structure and function, we recently studied mitochondrial and synaptic activities, mitochondrial function and ultrastructural changes in striatal neurons that stably express mutant Htt neurons (STHDhQ111/Q111) relative to WT Htt neurons (STHDhQ7/Q7). We also studied these parameters in mitochondrial division inhibitor 1 (Mdivi1) treated and untreated WT and mutant Htt neurons to determine the Mdivi1's beneficial effects (17) . In both groups of studies, we found increased levels of mRNA and of fission gene proteins, and decreased levels of fusion genes and synaptic and dendritic genes, in the mutant Htt neurons relative to the WT neurons. In addition, we found significantly increased numbers of functional mitochondria and of dysfunctional mitochondria in the mutant Htt neurons. In contrast, in the Mdivil-treated mutant Htt neurons, we found the opposite: we found significantly decreased numbers of functional mitochondria and of dysfunctional mitochondria in the Mdivil-treated mutant Htt neurons. These results indicate that Mdivi1 beneficially affects healthy neurons. Taken together, these findings suggest that Mdivi1 is protective against mutant Htt-induced mitochondrial damage in HD neurons.
Mitochondrial dysfunction and defective bioenergetics have been implicated in HD (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . If mitochondrial dysfunction proves to be significant in HD, it may be possible to treat HD by developing antioxidant molecules that target mitochondria for treatment. The use of antioxidants to treat mitochondria in patients with neurodegenerative diseases, including HD, has received great attention. Recent epidemiological studies have suggested that an increased intake of natural antioxidants, such as vitamin E, vitamin C, and β-carotene, might reduce the risk of developing HD, Alzheimer's disease (AD) and Parkinson's disease (PD). However, not all such epidemiological studies agree with this approach to treat neurodegenerative diseases (19, 20) . Although antioxidant approaches to treating neurodegenerative diseases have been promising, particular currently available antioxidant approaches may not be effective in treating neurodegenerative diseases because naturally occurring antioxidants, such as vitamins E, vitamin C and β-carotene, might not cross the blood-brain barrier and so could not reach the relevant sites of mitochondrial dysfunction (21) . To deliver antioxidant molecules to the dysfunctional mitochondria for treatment, antioxidant molecules are needed, in addition to a system that is capable of targeting and treating the dysfunctional mitochondria.
Recently, considerable progress has been made in developing molecules that are capable of targeting to mitochondria; such molecules include (i) MitoQ, (ii) MitoVitE MitoαLipoic acid and (iii) MitoPBN (22) (23) (24) . These molecules were developed by conjugating the antioxidant molecule to a positively charged lipophilic phosphonium cation. The resulting molecule, i.e. the moiety, was capable of being dragged to the cell plasma membrane because of the charge difference between the positively charged moiety (lipophilic phosphonium cation + antioxidant) and negative charged cell (22, 24, 25) . Further, the moiety could be dragged to mitochondrial matrix several hundred times due to the charge difference. Once being dragged, the moiety exhibited reduced mitochondrial dysfunction by scavenging free radicals rapidly-(i) in the cytosol and (2) in the mitochondrial matrix-and was able to maintain its neuronal viability.
MitoQ, the molecular formula and weight of which are C37H45O4PB4 and 665.65, respectively, has been studied using cell culture and mouse models of neurodegeneration to determine its beneficial effects (26) (27) (28) (29) (30) and results were positive. Since mitochondrial abnormalities and oxidative damage are known to be involved in HD pathophysiology, there has been strong interest in determining whether mitochondria-targeted antioxidants are capable of decreasing oxidative damage in mutant Htt neurons.
SS31 is a tetra-peptide, cell-permeable, mitochondria-targeted molecule. The SS31 is one of the four molecules (SS31, SS02, SS19, SS20) developed by Szeto and Schiller (31) that is capable of targeting and permeating to mitochondria. The chemical structure of SS31 is H-D-Arg-Dmt-Lys-Phe-NH 2 , and its structural motif centers on alternating aromatic residues and basic amino acids. SS31 has a sequence motif that allows it to target mitochondria, scavenge free radicals, including H 2 O 2 and ONOO − , and inhibit lipid peroxidation. Its capability of protecting to be attributed to tyrosine, or dimethyltyrosine, a residue that scavenges oxyradicals and forms relatively unreactive tyrosyl radicals. The unreactive tyrosyl radicals trigger the coupling of tyrosyl radicals to each other, giving rise to dityrosine, which reacts with a superoxide to form tyrosine hydroperoxide. Recently, the efficacy of SS31 was studied in rodent models of ischemic brain injury (32) , diabetes (33) , myocardial infarction (34) and amyotrophic lateral sclerosis (ALS) (35) . These researchers found that SS31 protects cells from mitochondrial toxicity in all of these disease states. However, the efficacy of SS31 has yet to be studied in the HD neurons.
In this study, we sought to investigate the beneficial effects of MitoQ and SS31. We determined (i) mitochondrial structure by measuring mRNA and the protein levels of mitochondrial fission and fusion genes, mitochondrial biogenesis, ETC, and synaptic genes; (ii) mitochondrial function by measuring free radical production, lipid peroxidation, GTPase Drp1 enzymatic activity, mitochondrial ATP, and cell viability; and (iii) ultra-structural changes of subcellular organelles in the cell, including mitochondria in mutant Htt neurons treated with MitoQ and SS31.
Results

Gene expression differences between MitoQ-treated and untreated mutant Htt neurons
To determine the effects of MitoQ on mitochondrial structure and on synaptic genes, we treated mutant Htt neurons with MitoQ, and we used real-time RT-PCR to measure mRNA levels before and after treatment.
mRNA expression levels of Drp1 and Fis1 were significantly decreased in neurons treated with MitoQ relative to untreated mutant Htt neurons (Table 1 ). In contrast, the levels of mRNA expression of the mitochondrial fusion genes Mfn1, Mfn2, and Opa1 increased after treatment with MitoQ. These findings indicate that MitoQ enhances fusion activity in mutant Htt neurons. Significantly reduced mRNA levels were found in CypD, in mutant Htt neurons treated with MitoQ. Significantly increased mRNA expression levels were found in ETC genes, ND1, Cyt-B, and COX1-3 in mutant Htt cells treated with MitoQ. The levels of mRNA were unchanged for some ETC genes, including ND3, ND6, and ATPase 6 in mutant Htt neurons treated with MitoQ ( Table 1) .
As shown in Table 1 , mRNA levels of mitochondrial biogenesis genes PGC1α, PGC1β, Nrf1, Nrf2 and TFAM increased in MitoQ-treated mutant Htt neurons relative to untreated neurons, indicating that MitoQ enhances biogenesis activity in HD neurons.
mRNA expression levels were increased in synaptic genes, including synaptophysin, PSD95, synapsin 1, synapsin 2, synaptobrevin 1, synaptobrevin 2, neurogranin, GAP43, and synaptopodin in mutant Htt neurons treated with MitoQ relative to the untreated Htt neurons (Table 1 ). These findings suggest that MitoQ enhances synaptic gene expression in mutant Htt neurons.
Gene expression differences between SS31-treated and untreated mutant Htt neurons
As shown in Table 1 , in SS31-treated mutant Htt neurons, mRNA expression level of the fission genes Drp1 and Fis1 decreased relative to the untreated Htt neurons. In contrast, the levels of mRNA expression of the mitochondrial fusion genes Mfn1, Mfn2, and Opa1 increased after treatment with SS31. These findings indicate that SS31 enhances fusion activity in mutant Htt neurons. Significantly reduced mRNA levels were found in the matrix gene CypD, in SS31-treated mutant Htt neurons. mRNA expression levels were unchanged for the ETC genes ND3, ND6 and Cy-B in mutant Htt cells treated with SS31, and mRNA expression levels were increased for ND1, COX1-3 and ATP6.
In SS31-treated mutant Htt neurons, increased mRNA levels were found in the mitochondrial biogenesis genes PGC1α, PGC1β, Nrf1, Nrf2 and TFAM relative to the untreated Htt neurons ( Table 1 ), suggesting that SS31 enhances biogenesis activity in mutant Htt neurons.
In mutant Htt neurons treated with SS31 relative to untreated Htt neurons, mRNA expression levels were increased in synaptic genes, including synaptophysin, PSD95, synapsin 1, synapsin 2, synaptobrevin 1, synaptobrevin 2, neurogranin, GAP43 and synaptopodin (Table 1 ). These findings suggest that SS31 enhances synaptic gene expressions in mutant Htt neurons.
Immunoblotting analysis
Protein levels in MitoQ-treated and untreated mutant Htt neurons To understand the effects of mutant Htt on mitochondrial and synaptic proteins, we performed immunoblotting analysis, and Fis1 (P = 0.001) proteins in the MitoQ-treated mutant Htt neurons relative to the untreated mutant Htt neurons ( Fig. 1A and B) . In contrast, the fusion proteins Mfn1 (P = 0.02), Mfn2 (P = 0.01) and Opa1 (P = 0.01) were found to be increased in MitoQ-treated mutant Htt neurons, relative to the untreated Htt neurons ( Fig. 1A and B). Levels of the matrix protein CypD (P = 0.002) were significantly decreased in MitoQ-treated mutant Htt neurons. Expression levels of the synaptic protein PSD95 (P = 0.002) were significantly increased in the MitoQ-treated mutant Htt neurons relative to the untreated Htt neurons ( Fig. 1A and B).
Protein levels in SS31-treated and untreated mutant Htt neurons As shown in Figure 1A and B, in SS31-treated mutant Htt neurons compared with untreated mutant Htt neurons, significantly decreased levels of fission proteins Drp1 (P = 0.01) and Fis1 (P = 0.001) were found ( Fig. 1A and B) . In contrast, increased fusion protein levels of Mfn1 (P = 0.02), Mfn2 (P = 0.003) and Opa1 (P = 0.001) were found in SS31-treated mutant Htt neurons compared with the untreated Htt neurons ( Fig. 1A and B) . Levels of the matrix protein CypD were significantly decreased (P = 0.01) in the SS31-treated mutant Htt neurons. Significantly increased levels of synaptophysin (P = 0.01) and PSD95 (P = 0.01) were present in the SS31-treated mutant Htt neurons relative to untreated neurons ( Fig. 1A and B). Expression levels of the medium-spiny neuronal protein marker DARRP32 (P = 0.01) were also significantly increased in the SS31-treated mutant Htt neurons relative to untreated mutant Htt neurons ( Fig. 1A and B).
Immunofluorescence analysis
Immunofluorescence levels between MitoQ-treated and untreated mutant Htt neurons To determine the effect of mutant Htt on protein levels and localizations, we performed immunofluorescence analysis of MitoQ-treated and untreated mutant Htt neurons on mitochondrial fission proteins (Drp1 and Fis1), fusion proteins (Mfn1, Mfn2, and Opa1), the matrix protein CypD and synaptic proteins (synaptophysin and PSD95). As shown in Figure 2A and C, we found significantly decreased levels of Drp1 (P = 0.01) and Fis1 (P = 0.01), and of CypD (P = 0.04); and significantly increased levels of Mfn1 (P = 0.02), Mfn2 (P = 0.01) and Opa1 (P = 0.03) in the MitoQ-treated mutant Htt neurons relative to untreated Htt neurons, indicating that MitoQ enhances fusion activity and reduces fission activity in mutant Htt neurons. The synaptic proteins synaptophysin (P = 0.001) and PSD95 (P = 0.01) were significantly increased in the MitoQ-treated mutant Htt neurons. DARRP32 (P = 0.01) was also significantly increased in the MitoQtreated mutant Htt neurons relative to the untreated neurons ( Fig. 2B and C) .
Immunofluorescence levels between SS31-treated and untreated mutant Htt neurons Significantly decreased levels of Drp1 (P = 0.03), Fis1 (P = 0.01) and CypD (P = 0.02) were found in SS31-treated mutant Htt neurons relative to untreated neurons ( Fig. 2A and C) . The fusion proteins Mfn1 (P = 0.01), Mfn2 (P = 0.04) and Opa1 (P = 0.01) were increased in the SS31-treated mutant Htt neurons. These findings suggest that SS31 reduces fission activity and increases fusion activity in mutant Htt neurons. Our immunofluorescence findings agreed with these immunoblotting results.
Immunofluorescence analysis showed significantly increased levels of synaptophysin (P = 0.002) and PSD95 (P = 0.01) in the SS31-treated mutant Htt neurons relative to the untreated neurons, indicating that SS31 increases synaptic activity. Immunofluorescence analysis showed significantly increased levels of synaptophysin (P = 0.002) and PSD95 (P = 0.01) in the SS31-treated mutant Htt neurons relative to the untreated neurons ( Fig. 2B and  C) , indicating that SS31 increases synaptic activity.
Transmission electron microscopy
The number of mitochondria in MitoQ-treated and untreated mutant Htt neurons To determine the effects of MitoQ on the number of mitochondria, mutant Htt neurons were treated with MitoQ. The number of mitochondria was assessed, using transmission electron microscopy (TEM). The number of mitochondria significantly decreased following MitoQ treatment (P = 0.04) in the mutant Htt neurons relative to the untreated mutant Htt neurons (Fig. 3B  and D) .
The number of mitochondria in SS31-treated and untreated mutant Htt neurons To determine the effects of SS31 on the number of mitochondria, we also treated mutant Htt neurons with SS31 and determined the number of mitochondria using TEM. As shown in Figure 3C and D, we found that the number of mitochondria significantly decreased in mutant Htt neurons treated with SS31 (P = 0.01) relative to the number of mitochondria in the untreated SS31 mutant Htt neurons, indicating that SS31 reduces mitochondrial fission.
Mitochondrial function
Mitochondrial function in MitoQ-treated and untreated mutant Htt neurons To determine differences in mitochondrial function in MitoQtreated and untreated mutant Htt neurons, we measured and compared H 2 O 2 production, lipid peroxidation, ATP production, cell viability and GTPase Drp1 enzymatic activity.
H 2 O 2 production: As shown in Figure 4A , significantly decreased levels of H 2 O 2 were found in the mitochondria from mutant Htt neurons treated with MitoQ (P = 0.03) relative to the mitochondria from untreated mutant Htt neurons, indicating that MitoQ decreases H 2 O 2 levels.
Lipid peroxidation: Significantly decreased levels of 4-hydroxy-2-nonenol (HNE) lipid were found in mutant Htt neurons treated with MitoQ (P = 0.04) relative to the untreated mutant neurons, indicating that MitoQ reduces lipid peroxidation in MitoQ-treated mutant Htt neurons (Fig. 4B ).
ATP production: Significantly increased levels of ATP were found in the MitoQ-treated mutant Htt neurons (P = 0.04) relative to the untreated Htt neurons, indicating that MitoQ enhances ATP levels in mutant Htt neurons (Fig. 4C) .
GTPase Drp1 activity: Significantly decreased levels of GTPase Drp1 activity were found in the mutant Htt neurons treated with MitoQ (P = 0.002) relative to the untreated mutant Htt neurons, indicating that MitoQ decreases GTPase Drp1 activity in mutant Htt neurons. These findings suggest that MitoQ reduces fissionlinked GTPase activity (Fig. 4D) .
Cell viability: Cell viability was significantly increased in the MitoQ-treated mutant Htt neurons (P = 0.001) relative to the untreated mutant Htt neurons, indicating that MitoQ enhances cell viability (Fig. 4E) .
Mitochondrial function in SS31-treated and untreated mutant Htt neurons To determine the effect of SS31 on mitochondrial function in mutant Htt neurons, we measured mitochondrial function in SS31-treated and untreated mutant Htt neurons.
H 2 O 2 production: Significantly decreased levels of H 2 O 2 were found in the mitochondria from SS31-treated mutant neurons (P = 0.01) relative to untreated mutant Htt neurons (Fig. 4A) . Lipid peroxidation: As shown in Figure 4B , significantly decreased levels of lipid peroxidation were found in the SS31-treated mutant Htt neurons (P = 0.02) relative to the untreated mutant Htt neurons, indicating that SS31 reduces lipid peroxidation in mutant Htt neurons.
ATP production: Significantly increased levels of ATP were found in the SS31-treated Htt neurons (P = 0.01) relative to the untreated mutant Htt neurons (Fig. 4C) .
Cell viability: Cell viability was significantly increased in the SS31-treated mutant Htt neurons (P = 0.002) relative to the untreated mutant Htt neurons (Fig. 4E) .
GTPase Drp1 activity: Significantly decreased levels of GTPase activity were found in the SS31-treated mutant Htt neurons (P = 0.005) relative to the untreated mutant Htt neurons (Fig. 4D) , indicating that SS31decreases GTPase Drp1 activity in the treated mutant Htt neurons.
Discussion
In this study, the effects of mitochondria-targeted molecules MitoQ and SS31 were studied using gene expression, biochemical methods, and TEM methods and mutant Htt (STHDhQ111/Q111) neurons. In the mutant Htt neurons treated with MitoQ and SS31, fission genes were down-regulated and fusion genes were upregulated, suggesting that mitochondria-targeted molecules reduce fission activity, increase fusion activity and maintain mitochondrial dynamics in mutant Htt neurons. Interestingly, mitochondrial biogenesis was up-regulated in MitoQ-and SS31-treated mutant Htt, indicating that the targeting of mitochondria by molecules activate mitochondrial biogenesis in diseased neurons. Synaptic genes were up-regulated, and mitochondrial function was enhanced in MitoQ-and SS31-treated mutant Htt neurons, suggesting that the mitochondria-targeted molecules also enhance mitochondrial function and synaptic activities. The TEM studies revealed that reduced numbers of mitochondria were present in the MitoQ-and SS31-treated mutant Htt neurons compared with the untreated Htt neurons. These findings suggest that MitoQ and SS31 are protective against mutant Httinduced mitochondrial and synaptic damage in HD neurons.
mRNA and protein levels
Recent studies using HD postmortem brains, HD cell cultures and HD mouse models revealed impaired mitochondrial dynamics (excessive fragmentation and reduced fusion), defective mitochondrial function, impaired mitochondrial axonal transport, and synaptic damage in HD pathogenesis (10, 11, 13, 14, 16, 37) . Earlier studies also reported that mutant Htt interacts with Drp1, induces the production of free radicals and causes excessive fragmentation of mitochondria, ultimately leading to mitochondrial dysfunction and synaptic damage in HD neurons (15, 16) . Multiple therapeutic strategies have been suggested and are currently being tested, using cell and mouse models of HD, to reduce (i) excessive mitochondrial fragmentation, using Mdivi1, which is known to inhibit excessive mitochondrial division (17) and (ii) mitochondrially generated free radicals, using MitoQ and SS31, which are known to reduce mitochondrial dysfunction and enhance neuronal activity (30, 36) .
To determine the effects of Mdivi1, we recently examined the beneficial effects of the mitochondria-targeted inhibitor, Mdivi1 on mutant Htt neurons (17) . We found that Mdivil reduced mitochondrial fission in striatal neurons that express expanded polyQ (HDhQ111/111) repeats. We found increased mRNA levels of fission genes and decreased levels of fusion genes in the Mdivil-treated mutant Htt neurons, indicating that Mdivi1 reduces fission activity and enhances fusion machinery and synaptic activities in mutant Htt neurons (17) . In this study, to determine the effects of mitochondria-targeted molecules MitoQ and SS31 against mutant Htt-induced mitochondrial damage and synaptic dysfunction in mutant Htt neurons, we measured mRNA levels of mitochondrial fission and fusion genes, ETC genes, and mitochondrial biogenesis and synaptic genes, using MitoQ and SS31 in mutant Htt neurons. In the MitoQ-and SS31-treated mutant Htt neurons, fission genes were down-regulated, and fusion genes were up-regulated, suggesting that mitochondria-targeted molecules reduce fission activity and enhance fusion activity, and maintain mitochondrial dynamics in HD neurons.
The levels of mRNA of mitochondrial biogenesis genes PGC1α, PGC1β, Nrf1, Nrf2 and TFAM were increased in the MitoQ-and SS31-treated mutant Htt neurons, indicating that mitochondrial biogenesis machinery is enhanced in mutant Htt neurons. Our TEM results showed reduced fragmentation of mitochondria and increased elongated and healthy mitochondria in MitoQand SS31-treated mutant Htt neurons relative to untreated mutant Htt neurons. These observations suggest that 'defective mitochondrial biogenesis' is reduced and 'healthy mitochondrial biogenesis' is elevated in MitoQ-and SS31-treated mutant Htt neurons. It is possible that mRNA levels of biogenesis genes were increased per mitochondrion in MitoQ-and SS31-treated mutant Htt neurons compared with single mitochondrion in MitoQ-and SS31-untreated mutant Htt neurons. Further research is needed to determine the mRNA levels of biogenesis genes in each of fragmented and elongated mitochondrion.
It is interesting to observe mRNA levels of all ETC genes were increased in MitoQ-and SS31-treated mutant Htt neurons relative to untreated mutant Htt neurons. However, statistical (P = 0.04) and SS31 (P = 0.01) and GTPase Drp1 activity for MitoQ (P = 0.002) and SS31 (P = 0.005). In contrast, significantly increased levels were found in the following parameters upon MitoQ and SS31 treatment: ATP production with MitoQ (P = 0.04) and SS31 (P = 0.01); and cell viability for MitoQ (P = 0.002) and SS31 (P = 0.005) concentrations.
significance was found only for ND1, COX1-3 and ATP6 genes. The precise reasons for these altered mRNA levels are currently unknown. As discussed later, MitoQ-and SS31-treated mutant Htt neurons showed reduced mitochondrial dysfunction, particularly increased levels of mitochondrial ATP and cytochrome oxidase activity. Further, MitoQ and SS31 scavenged free radicals and maintained/boosted mitochondrial function in mutant Htt neurons. It is possible that MitoQ and SS31 increased mitochondrial ATP by activating mRNA levels of ETC genes. However, further research is needed to determine the underlying protective mechanism(s) of MitoQ and SS31 in mutant Htt neurons.
In addition, synaptic activity was found to be enhanced in MitoQ-and SS31-treated mutant Htt neurons by elevating synaptic mRNA levels of synaptophysin, PSD95, synapsin 1-2, synaptobrevins 1-2, neurogranin, GAP43 and synaptopodin, indicating that MitoQ and SS31 have a positive effect on synapses in mutant Htt neurons.
Mitochondrial dynamics, mitochondrial biogenesis and synaptic activity are critical components in maintaining mitochondrial function, particularly at synapses, and are defective in aging and neurodegenerative diseases, such as AD, HD, PD and ALS. Findings from this study strongly suggest that MitoQ and SS31 reduce impaired mitochondrial dynamics, enhance mitochondrial biogenesis, increase synaptic activity, and maintain neuronal function in HD neurons. Findings from this study may have implications to other neurodegenerative diseases such as AD (36) (37) (38) (39) (40) , HD (11, (15) (16) (17) , PD (41), multiple sclerosis (42), ALS (43) and other diseases with expanded polyQ repeats, such as spinocerebellar ataxias 1, 2, 3, 6, 7, 17, spino-bulbar muscular atrophy and dentatorubral-pallidolusian atrophy (7) .
In this study, we quantified protein levels of mitochondrial dynamics proteins, synaptic proteins and DARPP32, using immunoblotting and immunofluorescence analysis. Our protein data agreed with our mRNA data, indicating that MitoQ and SS31 affect not only mRNA but also protein levels in mutant Htt neurons. These observations confirm that MitoQ and SS31 affect phenotypic behavior of HD neurons by enhancing synaptic activities with elevated, or at least normal, mitochondrial ATP, suggesting that MitoQ and SS31 are promising drugs that may be able to treat HD neurons with increased numbers of polyQ repeats.
Transmission electron microscopy
It is well-established that structurally damaged mitochondria are present in HD neurons and peripheral cells from HD patients and in the primary neurons from HD mice (13, (15) (16) (17) 44, 45) . These structurally damaged mitochondria are mainly due to the interactions between Drp1-mutant Htt, and due to the subsequent elevation of GTPase Drp1 activity in HD neurons. In using TEM to better understand the ultra-structural changes induced by MitoQ and SS31, we found that Drp1 and Fis1 were reduced in both the MitoQ-and the SS31-treated mutant Htt neurons. We also found a reduction in the number of mitochondria in the MitoQ-and SS31-treated neurons relative to untreated mutant Htt neurons. These results indicate that mitochondria-targeted molecules reduce fission activity, enhance fusion machinery and synaptic activity and, most importantly, reduce defective mitochondrial function in mutant Htt neurons. These results suggest that mitochondria-targeted molecules are promising candidates for treating HD patients.
Mitochondrial function
Mitochondrial function was defective in neurons from HD patients and HD mice; in peripheral cells and primary cultures from HD mice; and in striatal neurons from HD knockin mice that express 111 CAG repeats (11, (15) (16) (17) (46) (47) (48) (49) . To determine the effects of MitoQ and SS31 on mitochondrial function, in this study we measured mitochondrial function in mutant Htt neurons following MitoQ and SS31 treatment. As expected, we found that the MitoQ-and SS31-treated mutant Htt neurons exhibited reduced free radicals and lipid peroxidation, and increased ATP production and neuronal viability. Further, the levels of GTPase Drp1 enzymatic activity were significantly decreased in the mutant Htt neurons treated with MitoQ and SS31. These findings strongly suggest that mitochondria-targeted molecules enhance or maintain mitochondrial function and neuronal viability by simply scavenging free radicals in the HD neurons.
In summary, findings from our study strongly indicate that the mitochondria-targeted molecules MitoQ and SS31 are promising candidates to treat HD neurons.
Materials and Methods
Cell cultures and Mdivi1 treatments
Immortalized striatal progenitor neurons expressing the homozygous mutant Htt (STHdh Q111/Q111) were used in this study. Cell lines were prepared from homozygous HdhQ111/Q111 knockin mice. Originally, mutant knockin HD mice were generated with 111 CAG repeats using homologous recombination approach-meaning exon 1 of mouse HD gene is replaced with human exon 1 with 111 CAG repeats (50, 51) . The cells were grown at 37°C in Dulbecco's modified Eagle's medium (Gibco, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 2 m -glutamine and 400 μg/ml G418 (Geneticin, Invitrogen, Carlsbad, CA, USA). The cells were treated with MitoQ (25 ηM) and SS31 (2.5 ηM) for 24 h and then were harvested. Pellets were prepared for RNA and protein studies.
Quantitative real-time RT-PCR
Using the reagent TriZol (Invitrogen), total RNA was isolated from three independent MitoQ and SS31 treatments of mutant Htt neurons (n = 3) from control, untreated mutant Htt (n = 3) and mutant Htt (n = 3) neurons. Using primer express software (Applied Biosystems, Carlsbad, CA, USA), we designed the oligonucleotide primers for the housekeeping genes β-actin, GAPDH, mitochondrial structural genes, fission genes (Drp1 and Fis1), fusion genes (MFN1, MFN2, Opa1 and VDAC1), the mitochondrial matrix protein CypD, mitochondrial biogenesis genes (PGC1α, PGC1β, Nrf1, Nrf2 and TFAM), mitochondrial-encoded ETC genes (Complex I: subunits 1, 3 and 6; Complex III: CytB; Complex IV: Cox1-3; and Complex V: ATPase), synaptic genes, synaptophysin, PSD95, synapsins 1-2, synaptobrevins 1-2, neurogranin, GPA43 and synaptopodin. The primer sequences and amplicon sizes are listed in Table 2 . Using SYBR-Green, chemistry-based quantitative real-time RT-PCR, we measured mRNA expression of the genes identified earlier, as described by Manczak and Reddy (17) and Reddy et al. (52) .
The mRNA transcript level was normalized against β-actin and GAPDH at each dilution. The standard curve was the normalized mRNA transcript level, plotted against the log-value of the input cDNA concentration at each dilution. To compare β-actin, GAPDH and neuroprotective markers, relative quantification was performed according to the CT method (Applied Biosystems). Briefly, the comparative CT method involved averaging triplicate samples, which were taken as the CT values for β-actin, GAPDH Table continued and neuroprotective markers. β-Actin normalization was used in the present study because the β-actin CT values were similar for the Htt neurons treated with MitoQ and SS31 and the untreated Htt neurons, for the mitochondrial ETC genes, the mitochondrial structural genes and the synaptic genes. The ΔCT-value was obtained by subtracting the average β-actin CT value from the average CT value of the synaptic mitochondrial ETC genes and the mitochondrial structural genes. The ΔCT of untreated Htt neurons was used as the calibrator. Fold change was calculated according to the formula 2^− (ΔΔCT), where ΔΔCT is the difference between ΔCT and the ΔCT calibrator value. To determine the statistical significance of mRNA expression, the differences in CT value between the untreated WT and mutant Htt neurons, and the Mdivi1-treated WT and mutant Htt neurons were used in relation to β-actin normalization. Statistical significance was calculated using one-way ANOVA.
Immunoblotting analysis
To determine whether MitoQ or SS31 alters the protein levels of mitochondrial structural, ETC and synaptic genes that showed altered mRNA expression, we performed immunoblotting analyses of protein lysates from MitoQ-and SS31-treated and untreated mutant Htt neurons, as described in Manczak and Reddy (17) . Twenty μg Protein lysates (20 μg) from the MitoQ-and SS31-treated and untreated mutant Htt neurons were resolved on a 4-12% Nu-PAGE gel (Invitrogen). The resolved proteins were transferred to nylon membranes (Novax Inc., San Diego, CA, USA) and were then incubated for 1 h at room temperature with a blocking buffer [5% dry milk dissolved in a tris-buffer saline tween 20 (TBST) buffer]. The nylon membranes were incubated overnight with the primary antibodies shown in Table 3 . The membranes were washed with a TBST buffer three times at 10-min intervals and were then incubated for 2 h with appropriate secondary antibodies, followed by three additional washes at 10-min intervals. Mitochondrial and synaptic proteins were detected with chemiluminescence reagents (Pierce Biotechnology, Rockford, IL, USA), and the bands from immunoblots were quantified on a Kodak Scanner (ID Image Analysis Software, Kodak Digital Science, Kennesaw, GA, USA). Briefly, image analysis was used to analyze gel images captured with a Kodak Digital Science CD camera. The lanes were marked to define the positions and specific regions of the bands. An ID fine-band command was used to locate and to scan the bands in each lane and to record the readings.
Immunofluorescence analysis and quantification
Immunofluorescence analysis was performed with the MitoQand SS31-treated and untreated mutant Htt neurons, as described in Manczak and Reddy (17) . The Htt neurons were washed with warm phosphate buffered saline (PBS), fixed in freshly prepared 4% paraformaldehyde in PBS for 10 min, and then washed with PBS and permeabilized with 0.1% Triton-X100 in PBS. They were blocked with a 1% blocking solution (Invitrogen) for 1 h at room temperature. All neurons were incubated overnight with primary antibodies (see Table 4 ). After incubation, the neurons were washed three times with PBS, for 10 min each. The neurons were incubated with a secondary antibody conjugated with Fluors 488 and 599 (Invitrogen) for 1 h at room temperature. The neurons were washed three times with PBS and then mounted on slides. Photographs were taken with a multiphoton laser scanning microscope system (ZeissMeta LSM510). To quantify the immunoreactivity of mitochondrial and synaptic antibodies for each treatment, 10-15 photographs were taken at ×40 magnification. Signal intensity, indicating the immunoreactivity of the cell body, and neurite length were quantified for several randomly selected images, and statistical significance was determined using one-way ANOVA for mitochondrial and synaptic proteins.
Transmission electron microscopy
To determine the effects of MitoQ and SS31 on the numbers of mitochondria in the mutant Htt neurons, we used TEM on mutant Htt neurons that underwent (n = 4) and that did not undergo (n = 4) MitoQ and SS31 treatment as described in Manczak et al. (30) .
MitoQ-and SS31-treated and untreated Htt neurons were fixed in 100 m sodium cacodylate ( pH 7.2), 2.5% glutaraldehyde, 1.6% paraformaldehyde, 0.064% picric acid and 0.1% ruthenium red. They were gently washed and post-fixed for 1 h in 1% osmium tetroxide plus 08% potassium ferricyanide, in 100 m sodium cacodylate, pH 7.2. After a thorough rinsing in water, the Htt neurons were dehydrated overnight in 1:1 acetone/Epon 812, for 1 h with 100% Epon 812 resin. The Htt neurons were then embedded in the resin. After polymerization, 60-80 nm thin sections were cut on a Reichert ultramicrotome and stained for 5 min in lead citrate. They were rinsed and post-stained for 30 min in uranyl acetate, and then were rinsed again and dried. Electron microscopy was performed at 60 kV on a Philips Morgagne TEM equipped with a CCD, and images were collected at magnifications of 1000-37 000 x. The numbers of mitochondria were counted in the MitoQ-and SS31-treated mutant Htt neurons, and statistical significance was determined using one-way ANOVA. (50 μM) , horseradish peroxidase (0.1 U/ml) and a reaction buffer (1X). The mixture was incubated at room temperature for 30 min, followed by spectrophotometer readings of fluorescence (570 nm). Finally, H 2 O 2 production was determined, using a standard curve equation expressed in nmol/μg mitochondrial protein.
Mitochondrial functional assays
Lipid peroxidation assay
Lipid peroxidates are unstable indicators of oxidative stress in neurons (53) . The final product of lipid peroxidation is HNE, which was measured in the cell lysates from MitoQ-and SS31-treated (n = 4) and untreated mutant Htt neurons (n = 4), using an HNE-His ELISA Kit (Cell BioLabs, Inc., San Diego, CA, USA). Briefly, freshly prepared protein as added to a 96-well protein binding plate and was incubated overnight at 4°C. It was then washed three times with a buffer. After the last wash, the anti-HNE-His antibody was added to the protein in the wells, which was then incubated for 2 h at room temperature and was washed again three times. Next, the samples were incubated for 2 h at room temperature with a secondary antibody conjugated with peroxidase, followed by incubation with an enzyme substrate. Optical density was measured (at 450 nm) to quantify the level of HNE.
ATP levels ATP levels were measured in mitochondria isolated from MitoQ-(n = 4) and SS31-treated (n = 4) and untreated (n = 4) mutant Htt neurons, using an ATP determination kit (Molecular Probes). The bioluminescence assay is based on the reaction of ATP with recombinant firefly luciferase and its substrate luciferin. Luciferase catalyzes the formation of light from ATP and luciferin. It is the emitted light that is linearly related to the concentration of ATP, which is measured with a luminometer. ATP from mitochondrial pellets was measured using a standard curve method.
Cell viability test (MTT assay)
Mitochondrial respiration, an indicator of cell viability, was assessed in the MitoQ-(n = 4) and SS31-treated (n = 4) and untreated (n = 4) mutant Htt neurons, using the mitochondrial-dependent reduction of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) to formazan. Briefly, in this reduction, the Htt neurons were seeded in 12-well plates at a density of ∼105 neurons per well. After treatment, MTT (5 mg/ml in PBS) was added to the plates, and the neurons (control and experimental) were incubated for 3 h. The medium was then replaced with an sodium dodecyl sulfate/dimethyl solfoxide lysis buffer, and MTT absorption was measured at 570 nm. Results were expressed as the percentage of MTT reduction, assuming the absorbance of untreated Htt neurons was 100%.
GTPase Drp1 enzymatic activity Using a calorimetric kit (Novus Biologicals, Littleton, CO, USA), GTPase enzymatic activity was measured in MitoQ-(n = 4) and SS31-treated (n = 4) and untreated (n = 4) mutant Htt neurons, following GTPase assay methods, described in Shirendeb et al. (15) . The enzymatic activity was based on GTP hydrolyzing to GDP and to inorganic Pi. GTPase activity was measured on the basis of the amount of Pi that the GTP produces. By adding the ColorLock Gold (orange) substrate to the Pi generated from GTP, we assessed GTP activity, based on the inorganic complex solution (green). Colorimetric measurements (green) were read in the wavelength range of 650 nm. GTPase activity in the MitoQ-and SS31-treated and untreated mutant Htt neurons was compared.
